Secretion of recombinant proteins aims to reproduce the correct posttranslational modifications of the expressed protein while simplifying its recovery. In this study, secretion signal sequences from an abundantly secreted 34-kDa protein (P34) from Pseudozyma flocculosa were cloned. The efficiency of these sequences in the secretion of recombinant green fluorescent protein (GFP) was investigated in two Pseudozyma species and compared with other secretion signal sequences, from S. cerevisiae and Pseudozyma spp. The results indicate that various secretion signal sequences were functional and that the P34 signal peptide was the most effective secretion signal sequence in both P. flocculosa and P. antarctica. The cells correctly processed the secretion signal sequences, including P34 signal peptide, and mature GFP was recovered from the culture medium. This is the first report of functional secretion signal sequences in P. flocculosa. These sequences can be used to test the secretion of other recombinant proteins and for studying the secretion pathway in P. flocculosa and P. antarctica.
The basidiomycetous yeasts Pseudozyma spp. have been recently identified as promising hosts for the production of heterologous recombinant proteins. 1) Indeed, these organisms present very attractive features with regard to their evolutionary status, and have demonstrated some of the more important characteristics necessary for a recombinant expression system such as easy cultivation in inexpensive media, a relatively low level of secreted proteases, and a lack of hypermannosylation of secreted native proteins. 1) Moreover, they accomplished the correct expression of two animal proteins, green fluorescent protein (GFP) and hen egg white lysozyme, a fluorescent protein and a lytic enzyme, each of which revealed the expected activities following expression. These experiments were conducted with an intracellular expression cassette containing the Ustilago maydis (DeCandolle) Corda heat shock protein 70 (HSP70) promoter in combination with the HSP70 terminator sequence. More recently, three functional endogenous promoters from the actin 2) and the glyceraldehyde-3-phosphate dehydrogenase (GPD) 3) genes in P. flocculosa (Traquair, Shaw, and Jarvis) Boekhout and Traquair and the -glucosidase gene 4) in P. tsukubaensis (Onishi) Boekhout have been identified as well as a heterologous promoter from the GPD gene in U. maydis. 4) These sequences offer valuable genetic tools for the use of Pseudozyma spp. as vehicles to express heterologous recombinant proteins.
In addition to promoters, identification of efficient secretion signal sequences, such as signal peptides and preprosequences, is another key element in achieving the maximum potential of a recombinant gene expression system. Secretion of recombinant proteins in heterologous expression systems aims to reproduce the correct posttranslational modifications of the expressed protein (viz., folding, and N-and O-glycosylation). Secretion of a recombinant protein into the culture medium also simplifies recovery of the protein, since there are markedly fewer extracellular proteins than intracellular proteins from which to purify the expressed protein. 5) In some instances, targeting the recombinant protein into the secretion system can also significantly y To whom correspondence should be addressed. Tel: +1-418-656-2758; Fax: +1-418-656-7856; E-mail: richard.belanger@fsaa.ulaval.ca Abbreviations: AAP, Pseudozyma sp. aspartic acid protease signal peptide; -Factor, Saccharomyces cerevisiae -factor preprosequence; -Glu, P. tsukubaensis -glucosidase signal peptide; GFP, green fluorescent protein; Lip B, P. antarctica lipase B signal peptide; P34 pp, P. flocculosa aspartic acid protease preprosequence; P34 sp, Pseudozyma flocculosa aspartic acid protease signal peptide increase the total protein yield, and is sometimes mandatory to achieve protein expression. 6) Numerous examples demonstrate that recombinant proteins can be secreted in heterologous systems by their native secretion signal sequences. 7, 8) However, recombinant protein production can sometimes be improved by replacing the protein's native secretion signal sequence by one from the host cell. For example, production of Pycnoporus cinnabarinus laccase in Aspergillus niger increased 80-fold when the preprosequence from A. niger glucoamylase was used in place of the native laccase signal peptide.
9) It is also recognized that the optimal secretion signal sequences depend on the heterologous protein to be secreted. No specific rules exist when predicting the efficacy of a secretion signal sequences fused to a given recombinant protein, leading to the use of an empirical approach in determining efficacy. 10) Such an approach entails that many secretion signal sequences must be available for a given expression system.
In order to exploit the natural capacity of Pseudozyma spp. to secrete their native proteins without hyperglycosylation, the objective of this study was to identify endogenous and/or heterologous secretion signal sequences that are adapted to the production of heterologous proteins. Since there are at present no endogenous secretion signal sequences reported for the Pseudozyma expression system, one of the focuses of this study was to identify a highly abundant native protein that is secreted in cultures of P. flocculosa, and to clone the corresponding cDNA so as to identify the secretion signal sequences. Using the green fluorescent protein as a reporter gene, the efficiency of these sequences in recombinant protein secretion was investigated in two Pseudozyma species, P. flocculosa and P. antarctica (Goto, Sugiyama, and Lizuka) Boekhout. In addition, based on secretion efficiency and secretion signal sequence processing, we compared these sequences from P. flocculosa with the Saccharomyces cerevisiae -factor preprosequence and with three putative signal peptides from Pseudozyma spp.
Materials and Methods
Basidiomycetous yeasts and culture conditions. Pseudozyma flocculosa (DAOM 196992), P. antarctica (CBS 516.83), and P. tsukubaensis (CBS 422.96) were maintained at 4 C on yeast malt peptone dextrose (YMPD) agar (Difco, Detroit, MI), containing yeast extract (3 g/l), malt extract (3 g/l), peptone water (5 g/l), dextrose (10 g/l), and agar (15 g/l).
In pilot-scale cultivation, P. flocculosa was grown in a 30-liter bioreactor (Biogenie, Sainte-Foy, Canada) in 15 liters of semi-defined culture medium containing 0.0018% (w/v) FeSO 4 -7H 2 O, 0.05% (w/v) KCl, 0.1% (w/v) MgSO 4 -7H 2 O, 0.1% (w/v) K 2 HPO 4 , 0.3% (w/v) yeast extract, 0.3% (w/v) NaNO 3 , and 1% (w/v) dextrose for 36 h. Three fed-batches were performed at 15 h (150 g of dextrose), 18 h (150 g of dextrose and 90 g of yeast extract), and continuously from 18.5 to 21.5 h (150 g of dextrose/h). Agitation was maintained between 150 and 200 rpm (to control dissolved oxygen), the airflow was 10 l/min, the pressure was 1.5 psi, and the temperature maintained at 29. 5 C. In bench-scale cultivation, P. flocculosa and P. antarctica were grown either in 500-ml glass flasks containing 100 ml of medium or in 50-ml conical plastic tubes containing 10 ml of medium, at 150 rpm and 250 rpm respectively, for 3 d at 25 C. Biomass for protein analysis was obtained in enriched YMPD broth containing yeast extract (3 g/l), malt extract (3 g/l), soy peptone (7.5 g/l), dextrose (15 g/l), and in the semidefined medium described above. Cultures for RNA and genomic DNA extraction were grown in enriched YMPD broth prior to harvesting by filtration.
N-Terminal amino-acid sequence determination of an abundant protein secreted by P. flocculosa. Cells were eliminated from cultures by centrifugation at 3;000 Â g. Proteins from the supernatant were separated by SDS-PAGE and detected by silver staining. 11) Glycoprotein identification was accomplished with a Gelcode Glycoprotein Staining kit (Pierce, Nepean, Canada) according to the manufacturer's instructions. Briefly, proteins were separated on SDS-PAGE and transferred to nitrocellulose membranes. Individual membranes were stained with Coomassie or Glycoprotein Stain to determine which proteins were glycosylated.
The purification of a 34-kDa secreted protein (P34) was based on preparative SDS-PAGE analysis followed by passive diffusion of the selected band. Briefly, high molecular weight contaminant proteins were eliminated on a Macrosep centrifugal device 50K (Pall Life Sciences, Mississauga, Canada). The remaining proteins were concentrated on Macrosep 10K and loaded onto a 12% preparative SDS-PAGE. The gel was stained by the Gel Code E-Zinc protocol (Pierce), and the 34-kDa band was cut and reloaded on a 15% preparative SDS-PAGE. The P34 was transferred to an Immobilon P SQ PVDF membrane (Millipore, Mississauga, Canada) and stained with Coomassie. The immobilized protein was subjected to N-terminus sequencing by automatic Edman degradation performed on an Applied Biosystems (Streetsville, Canada) Model 492 gas-phase/pulsed liquid sequencer. Additionally, P34 was digested with endoproteinase to obtain intramolecular amino acid sequences. Briefly, P34 was diffused overnight from a preparative SDS-PAGE in a modified TDM buffer (50 mM Tris pH 8.0, 0.1% w/v SDS, and 0.5% v/v -mercaptoethanol), at room temperature with shaking. The eluted protein was concentrated on Nanosep centrifugal device 10K (Pall Life Sciences) and digested with Glu-C (V8 from Staphylococcus aureus; Sigma, Mississauga, Canada). The proteolytic fragments were loaded on SDS-PAGE (Tris-Tricine), transferred to a PVDF membrane, excised, and sequenced as described above.
Total RNA and genomic DNA extraction. To isolate total RNA, P. flocculosa cultures were grown for 20 h in enriched YMPD broth until the exponential phase was reached. The mycelia were collected by filtration, washed with DEPC-treated water, and ground with glass beads. Total RNA was isolated with an RNeasy Mini kit (Qiagen, Mississauga, Canada) according to the manufacturer's instructions. Genomic DNA was isolated from 3-d cultures of P. flocculosa with a Genomic-tip 20/G kit (Qiagen).
Identification of the cDNA sequence of P34 from P. flocculosa. Based on the N-terminal and endopeptide amino acid sequences of the 34-kDa protein, two sets of degenerate primers were designed. Two forward primers, p34N.for1 (5 0 -GCSACSGGYWSSGTSCC-3 0 ) and p34N.for2 (5 0 -GTSCCYCTSACSGAYGTSGT-3 0 ), were based on the N-terminal amino acid sequences, while two reverse primers, p34C.rev1 (5 0 -GTSGTRCC-SGTRTCSAC-3 0 ) and p34C.rev2 (5 0 -GTRTCSACRA-TSSWRTCRAT-3 0 ), were based on the endopeptide amino acid sequences. In addition, the two most highly conserved regions of aspartic acid protease from Pseudozyma sp. (accession no. AX339202), Rhizopus niveus (Zygomycete, accession no. P43231), and Syncephalastrum racemosum (Zygomycete, accession no. P81214), were selected to design two additional forward degenerate primers, p34.for1 (5 0 -GACTTYGACACB-GG-3 0 ) and p34.for2 (5 0 -ACGGHGACGG-3 0 ), which served as the second primer set to amplify the cDNA sequence of P34 from P. flocculosa with reverse primers p34C.rev1 and p34C.rev2. All the degenerate primers were designed taking into account the codon usage of U. maydis, a fungus closely related to Pseudozyma spp.
First-strand cDNA was synthesized using SuperScriptÔ III reverse transcriptase (Invitrogen, Burlington, Canada). About 1.5 mg total RNA from P. flocculosa was used in a 20-ml final reaction volume, and the RT-PCR reaction was performed according to the manufacturer's protocol. One ml of the PCR amplification products served as the template for the first round of PCR with 2.5 mM each of primers p34N.for1/p34C.rev1 or p34.for1/p34C.rev1. The PCR reaction mix contained 1Â Hotmaster taq polymerase buffer (Eppendorf, Mississauga, Canada) and 0.2 mM dNTPs in a final volume of 20 ml. The reaction was preincubated at 94 C for 5 min, whereupon 1 unit Hotmaster taq DNA polymerase (Eppendorf) was added. The first 5 cycles of PCR amplification were 94 C for 60 s, 45 C for 90 s, and 72 C for 120 s. In the following 35 cycles, the annealing temperature was increased from 45 C to 58 C. The program was followed by a final extension at 72 C for 10 min. The initial PCR products were diluted 1/100 and used as a template for nested amplification with primers p34N.for2/p34C.rev2 or p34.for2/p34C.rev2. The PCR reaction components and programs were identical to the first round of PCR.
PCR products were purified on gel, cloned into the pGEM-T Easy vector (Promega, Nepean, Canada), and sequenced. The polypeptide derived from the sequenced PCR products was analyzed using the NCBI online program BLAST for protein sequences stored in GenBank (http://www.ncbi.nlm.nih.gov/BLAST/). The putative nucleotide sequence was used as probe to hybridize with a genomic DNA library to confirm that the fragment obtained was part of the P. flocculosa genome.
Identification of functional secretion signal sequences of P34 by 5 0 -RACE. The 5 0 boundary of P34 was mapped by 5
0 -rapid amplification of cDNA ends (RACE). Five mg of total P. flocculosa RNA was extracted as described above and used as the template. The 5 0 -RACE kit was purchased from Invitrogen. The reverse transcription reactions were performed with SuperScriptÔ III using a gene-specific primer, GSP34-1 (5 0 -CGCTGTCCGTGA-CAAAGGT-3 0 ). Nested PCRs were performed using another gene-specific primer, GSP34-2 (5 0 -GACCGCC-GATGGTGAGGGCGTCGGTGTA-3 0 ), and an abridged anchor primer, which was supplied in the kit. Primers GSP34-1 and GSP34-2 were based on the sequences obtained as above. The reactions were denatured for 2 min at 94 C and amplified for 30 cycles of 94 C for 60 s, 55 C for 60 s, and 72 C for 120 s, followed by an extension for 7 min at 72 C. The PCR products were purified on gel, cloned into pGEM-T Easy vector, and sequenced.
Another round of 5 0 -RACE was performed with two other primers, GSP34-4 (5 0 -GCCGAAGTCGACGTGG-CCCGAGCCGTTGGT-3 0 ) and GSP34-5 (5 0 -GGAG-CTGGCGATCAGGCCGGCGACAA-3 0 ), which were designed following the sequencing results of the first round of 5 0 -RACE to cover the ATG start codon.
Isolation and synthesis of heterologous secretion signal sequences. Four heterologous or homologous secretion signal sequences, -factor preprosequences from Saccharomyces cerevisiae (pPIC9K, Invitrogen), -glucosidase signal peptide from Pseudozyma tsukubaensis (accession no. X56024), aspartic acid protease signal peptide from Pseudozyma sp. (US patent application 20030032165), and lipase B signal peptide from Pseudozyma antarctica (US patent 6,352,841), were selected to test the secretion system of P. flocculosa and P. antarctica. -Factor and -glucosidase secretion signal sequences were obtained by amplifying plasmid pPIC9K and P. tsukubaensis genomic DNA using specific primers ClaI.-factor.sp.for (5 0 -CGATCGAT-
0 ) respectively. Lipase B and aspartic acid protease signal peptides were obtained by primer synthesis. Six primers with the following sequences were synthesized for each signal peptide:
for aspartic acid protease signal peptide. The synthesis procedure was as follows: 100 pmol of each primer was mixed with 10 ml of T4 DNA kinase buffer, 10 ml of 10 mM ATP, and 20 units of T4 DNA kinase (Promega), completed to a final volume of 100 ml with water. Incubation was accomplished at 37 C for 2 h and enzyme inactivation was carried out at 75 C for 20 min. After slow cooling of the reaction to 37 C, 10 units of T4 DNA ligase (Promega) were added and the mixture was kept at 16 C overnight. The reaction was analyzed by electrophoresis, and the putative band was purified from the gel. To obtain the entire signal peptide sequence, the resulting product was subjected to PCR amplification using the first and the sixth primer of each signal peptide, as described above. The PCR product was cloned into pGEM-T Easy vector, and the signal peptide was confirmed by sequencing.
Construction of GFP expression vectors with secretion signal sequences. The isolated and synthesized secretion signal sequences (-factor preprosequence, -glucosidase signal peptide, lipase B signal peptide, aspartic acid protease signal peptide, P34 signal peptide, and the complete P34 preprosequence) were fused with the sGFP (S65T) protein, which served as a reporter gene, to test their secretion capacity in Pseudozyma spp. To this end, the GFP gene was amplified from plasmid pCPF.GFP 1) using two primers, 5 0 -GTATCGATA-AGATCTGTGAGCAAGGGCG-3 0 and 5 0 -CCGAATT-CTCATGTTTGACAG-3 0 , which introduced two modifications: removal of the ATG start codon at the beginning of the gene, and the creation of two digestion sites, ClaI and BglII (underlined), in order to facilitate insertion of the signal peptide. The resulting plasmid contained the GFP (-ATG) gene under the control of the U. maydis HSP70 promoter and terminator. Based on this plasmid, the cassette containing the HSP70 promoter, the GFP (-ATG) gene, and the HSP terminator was amplified using two primers, 5
0 -GAGTGGTACC-AGATGTGAGTCGT-3 0 and 5 0 -TGGAGCTCGATAA-CCGGGATCCG-3 0 , and inserted into pSceI-Hyg, 12) which contained the hygromycin resistance gene at restriction enzyme sites KpnI/SacI. The resulting plasmid, named ppGFP.Hyg.signal, received the secretion signal sequences to be tested at a ClaI/BglII site, which fused the various secretion signal sequences to the GFP gene.
Transformation in Pseudozyma spp. Protoplasts of P. flocculosa and P. antarctica were prepared according to the method of Cheng and Bélanger, 13) with a slight modification to the digestion enzymes (10% Glucanex, Sigma). All the plasmids, which harbored the different secretion signal sequences, were linearized using XhoI, with the exception of the P34 preprosequence construct, which was linearized with SphI. The individual plasmids were transferred to the protoplasts using polyethylene glycol-CaCl 2 (BDH, Poole, UK), as described by Cheng et al. 12) Transformants were selected on YMPDA medium amended with 0.8 M sucrose as an osmotic stabilizer and 50 mg/ml of hygromycin B as the screening agent. Individual colonies were isolated and transferred to fresh YMPDA plates.
Analysis of GFP secretion. GFP was quantified using a standardized fluorescence methodology. 4) Briefly, culture samples (200 ml) were centrifuged at 2;000 Â g for 3 min. The supernatant was decanted off and diluted 50:50 in 50 mM Tris (pH 7.5) to form the medium fraction. The cell pellets were washed once with 200 ml of 50 mM Tris (pH 7.5) and resuspended in 400 ml of the same buffer to form the cell fraction. The GFP fluorescence from the medium fraction ( f m ) and from the cell fraction ( f c ) was measured in flat-bottom microtiter plates (Sarstedt, Montreal, Canada) filled with 200 ml of sample per well, using a FLUOstar fluorimeter (BMG LabTechnologies, Durham, NC) with an excitation filter of 485 nm and an emission filter of 520-535 nm, at 10 flashes per well with the gain set at 20. Autofluorescence measurements were equally performed with wild-type cultures of P. flocculosa and P. antarctica, which were subtracted from f m and f c . Fluorescence data were normalized to the cell density (OD 600 nm ). Measurements were performed on serial dilutions of standard recombinant GFP in the culture media for quantification of the recombinant GFP in the medium fraction.
Processing of secretion signal sequences. Western blotting was performed to visualize the processed and unprocessed forms of GFP. Cell protein extracts were prepared by adding 1 volume of loading buffer (50 mM Tris pH 6.8, 2.3% w/v SDS, 10% v/v glycerol, and 5% v/v -mercaptoethanol) to the cell pellets, and by heating at 68 C for 10 min. Two volumes of 2-mm acidwashed glass beads were added to the sample, and the mixture was submitted to 6 cycles of 1 min boiling and 1 min vortexing. The crude extract was centrifuged, and proteins from the supernatant were quantified by silver dot staining.
14) The cell proteins and medium proteins were loaded on 12% SDS-PAGE and transferred to a nitrocellulose membrane (Hybond, Amersham BioSciences, Piscataway, NJ). GFP was detected with an anti-GFP antibody (Roche, Laval, Canada) at a dilution of 1/2,000.
Results
Identification of an abundant secreted protein (P34) from P. flocculosa
The 15-liter bioreactor run allowed for the determination of a general profile of P. flocculosa secreted proteins under production conditions. A polypeptide with a molecular weight of 34-kDa (P34) was deemed the most abundant in the bioreactor culture media (Fig. 1) . This 34-kDa secreted protein was also present in bench-scale P. flocculosa cultures performed in 50-ml plastic tubes with YMPD or semi-defined media (Fig. 1) , which revealed that P34 was the major P. flocculosa secreted protein in various culture conditions.
P34 secreted by P. flocculosa was not glycosylated, based on negative glycoprotein staining. The N-terminus sequence of P34 was determined by microsequencing to be N ter -Arg-Thr-Gly-Ser-Val-Pro-Leu-Thr-Asp-ValVal, which corresponded to the amino acid sequence of an aspartic acid protease according to the Swiss Prot database (http://www.ebi.ac.uk/swissprot/). Following proteinase V8 digestion of P34, an endopeptide identified as an amino acid sequence (N ter -Ser-Ile-Asp-SerIle-Val-Asp-Thr-Gly-Thr) was also obtained. These two amino acid sequences were used to design degenerate primers to clone the cDNA of P34 in subsequent experiments.
Genomic sequence of P34 in P. flocculosa Three primer pairs were prepared to identify the P34 gene in P. flocculosa. Using primer pair p34.for1/ p34C.rev1, amplification of the first-strand of cDNA resulted in a general smear of bands in the 100-1,000 bp range. This smear was resolved into two major bands, of 230 bp and 400 bp, following nested amplification of the initial products using primer pair p34.for2/p34C.rev2. Since the expected size of the product was about 370 bp, fragments in this size range were purified and sequenced. Blast analysis of these sequences revealed 399 bp of a putative aspartic acid protease with a deduced amino acid sequence corresponding to the sequence of the P34 N-terminal. Screening of the genomic library with this PCR product confirmed its presence in the P. flocculosa genome.
Based on the cDNA sequences obtained, 5 0 -RACE was carried out with two gene-specific primers, GSP34-1 and GSP34-2, to attain the functional elements of P34. A major band, of 550 bp, was obtained, and sequencing of this fragment revealed the putative aspartic acid protease, but the ATG start codon was not obtained in this initial round. A second round of 5 0 -RACE was performed using two other gene-specific primers, GSP34-4 and GSP34-5, and a fragment of about 200 bp was obtained. This fragment contained 103 bp upstream of the presumed transcription initial site (ATG). The nucleotide and deduced amino acid sequences of the partial cDNA of P34 is available in the GenBank database under accession no. EU139472.
Identification of the signal sequences of P34
By analyzing the encoding polypeptide of P34, the N-terminal amino acid sequence was found at Ala 90 , indicating a potential 89 amino acid prepropeptide of the P34 precursor ending with Glu-Lys-Arg. Analysis of the amino acid sequences by SignalP identified the first 20 amino acids as a signal peptide ending with Leu-AlaLeu-Ala-Ala, for which the putative cleavage site was between the last two alanines. The remaining 69 amino acids were considered to be the P34 proregion. The amino acid sequences are shown in Table 1 .
Effect of secretion signal sequences on GFP secretion GFP fluorescence and protein levels were measured in the culture medium of P. flocculosa transformants containing the various secretion signal sequences (Table 1) . On average, the P34 signal peptide was the most effective sequence in secretion of the GFP protein in P. flocculosa (Table 2) . GFP secretion was also achieved with the -glucosidase and aspartic acid protease signal peptides as well as the -factor and P34 preprosequences, although total secreted GFP was significantly lower than the P34 signal peptide. The lipase B construction did not afford P. flocculosa GFP transformants.
In P. antarctica, 20 individual clones were randomly selected for each construct, and were tested for their Proteins were separated on SDS-PAGE. The culture in YMPD medium was performed in 50-ml tubes. The culture in semi-defined medium was performed in a bioreactor (15 liters) or in 50-ml tubes. Proteins were visualized by silver staining. MW, molecular weight marker.
ability to secrete GFP in the culture medium. The functionality of five of the six tested secretion signal sequences in P. antarctica was demonstrated by detection of the GFP protein in the culture medium (Table 3) . Conversely, no GFP fluorescence was detected with the -factor preprosequence over background levels of wildtype P. antarctica. Whereas GFP appeared in the culture medium after 24 h (data not shown), measurements were taken after 4 d, when the biomass had reached its maximum level. The highest yields of secreted GFP were obtained with the signal peptides from Pseudozyma sp. aspartic acid protease and P. flocculosa P34. The P34 prepropeptide secretion signal sequence was generally less efficient than the P34 signal peptide alone. The lipase B and the -glucosidase signal peptide constructs reached GFP levels equivalent to that of the P34 preprosequence.
Relative GFP levels between the cell and the medium fraction were also measured to estimate GFP retention in the cells (% secreted GFP). The average quantities from the medium fraction were highest with the P34 signal peptide and the P34 preprosequence. This proportion was significantly lower with the Pseudozyma sp. aspartic acid protease signal peptide. Lipase B and -glucosidase signal peptides gave the lowest percentages of secreted GFP.
Processing of secretion signal sequences
Regardless of the secretion signal sequence used in P. antarctica, western blot analysis revealed a single polypeptide length in the medium fraction, corresponding to the expected size of mature recombinant GFP (Fig. 2) . In the cell fraction, an unprocessed form of recombinant GFP was observed in addition to the mature GFP polypeptide. The unprocessed form was clearly the major intracellular form of recombinant GFP fused to the signal peptides of P. tsukubaensis -glucosidase (Fig. 2) . Conversely, the unprocessed form (upper band) was very low with the P34 signal peptide, as compared with the processed form.
Discussion
The basidiomycetous yeasts Pseudozyma spp. have recently been identified as promising hosts for intracellular production of heterologous recombinant proteins. 1) In order to facilitate the purification of recombinant proteins and to increase yields, secretion signal sequences that are suitable for the production of heterologous proteins in these basidiomycetous yeast have been studied. In this study, a highly abundant native protein, an aspartic acid protease, P34, secreted in cultures of P. flocculosa was identified, and the corresponding cDNA was subsequently cloned using degenerate primers. The deduced amino acid sequences were analyzed, and they indicated a preproregion of 89 amino acids, of which the first 20 amino acids were identified as the signal peptide. Detailed analysis of these 20 amino acids indicated that the sequence fit well with the common structure of signal peptides from various proteins, such as a positively charged n-region with at least one arginine (R) or lysine (K) in the sequence, followed by a hydrophobic h-region and a neutral but polar c-region. The residues at positions À3 and À1 (alanine in both positions, relative to the cleavage site) were in agreement with the rule that the residues at these positions must be small and neutral for cleavage to occur correctly. 15) To evaluate the secretion capacity of the cloned sequences from P. flocculosa, the P34 signal peptide (first 20 amino acids) with and without the propeptide (the next 69 amino acids) was fused with the GFP gene as a reporter, and both constructions were transformed into P. flocculosa and P. antarctica. Additionally, four other secretion signal sequences from S. cerevisiae or Pseudozyma spp. were selected and compared with those obtained from P34.
In general, all Pseudozyma spp. signal peptides (P34, aspartic acid protease, lipase B, and -glucosidase) tested in this study directed GFP in the secretion pathway of P. flocculosa and P. antarctica, and were cleaved in the endoplasmic reticulum (ER). GFP was efficiently released into the culture medium in an active (fluorescent) form, and accumulated between 2.1 and 9.8 mg/l. Analysis of the P. antarctica transformants showed that the nature of the signal peptide influenced the GFP yield in the culture media. Since GFP is recognized as a highly stable protein, 16) it is likely that its concentration in the culture media of Pseudozyma transformants is proportional to the kinetics of its secretion. Signal peptides from P. flocculosa P34 and Pseudozyma sp. aspartic acid protease gave the highest yields of secreted GFP after a 4-d culture of P. antarctica. In comparison, the average GFP secretion was about 2-fold lower with the endogenous P. antarctica lipase B signal peptide, showing that a signal peptide from a different, albeit related, host can be as effective for the secretion of a heterologous protein. In the case of the P. tsukubaensis -glucosidase signal peptide, GFP secretion was significantly lower than the P. flocculosa P34 and Pseudozyma sp. aspartic acid protease signal peptides, although the total (intra-and intracellular) GFP yield was similar. This indicates that for equivalent total protein yield, recovery of the expressed protein would be simpler with a higher percentage of secretion in the culture medium using P. flocculosa P34 and Pseudozyma sp. aspartic acid protease signal peptides.
We observed that the proportion of GFP protein between P. antarctica cells and culture medium was constant between individual clones of a given construct, regardless of GFP yield, but this proportion varied strongly depending on the peptide signal that was employed. For example, protein retention in P. antarctica was extremely low with the P34 signal peptide, but represented as much as one third of total GFP with the -glucosidase signal peptide. Additionally, western blot analysis indicated that GFP fused with the -glucosidase signal peptide accumulated preferentially in the unprocessed form inside the cell, whereas the P34 signal peptide was almost totally cleaved from GFP. For all constructs, GFP was found in the medium at the expected size of the mature protein, indicating that removal of the signal peptide is a prerequisite for secretion. Further analysis by N-terminal sequencing or mass spectrometry should confirm whether processing of the secretion signal sequences occurred at the expected cleavage sites. Together, these results suggest that the rate of signal peptide processing controls GFP retention in P. antarctica, independently of the rate of the GFP precursor biosynthesis. In other studies with yeasts, it was noted that alteration of the signal peptide that causes slower processing often results in an accumulation of the unprocessed form in the ER and a slower secretion rate. 17, 18) In the context of heterologous protein production in P. antarctica, utilization of a signal peptide, such as P34, that is efficiently cleaved by the host signal peptidase might significantly improve the yield of secreted heterologous proteins, particularly if stronger promoters are used for overexpression.
It has been found that the proregion of a protein secreted by the host cell can improve the secretion of recombinant proteins. This strategy has been used to enhance heterologous protein secretion from filamentous fungi. 19) In this study, fusion of the P34 preproregion to the P34 signal peptide lowered the secretion efficiency of the target protein in a majority of P. antarctica clones. The -factor preprosequence, a secretion signal widely used in yeast expression systems, caused even more detrimental effects on GFP production in P. antarctica. Similarly, it has been reported that production of a cutinase in Aspergillus awamori decreased 2-fold when a proregion was added to the presequence, 20) suggesting the hypothesis that an additional processing step might make transport of the protein less efficient. We have found, by N-terminal sequencing, that the P34 proregion was cleaved from the P. flocculosa P34 aspartic acid protease precursor following a dibasic Lys-Arg site characteristic of a KEX2-like protease. The P34 proregion was also cleaved during the secretion process, leading to a fully processed form of GFP in the culture medium of P. antarctica.
Another interesting development is the use of the GFP gene as a reporter to the test secretion foreign proteins. Even though secretion of enhanced GFP has been successfully achieved in several yeasts, [21] [22] [23] a notable exception is Saccharomyces cerevisiae, for which several attempts with various signal peptides failed to secrete GFP in the culture medium. 24, 25) In Aspergillus niger, the secretion of a GFP fusion was also laborious due to retention in the ER, association with the hyphal cell wall, and degradation by extracellular proteases. 26) In the present study, we found that sGFP(S65T) could be used in two Pseudozyma species to test different secretion signal sequences for their ability to secrete a foreign protein, and that other intrinsic characteristic of Pseudozyma spp. do not appear to limit efficient secretion.
Overall, the cloning of a highly secreted acid aspartic protease (P34) in P. flocculosa led to the identification of a very efficient signal peptide. The discovery of the aspartic acid protease also supports previous findings, 1) in which the majority of protease activity was caused by aspartic acid-type proteases in P. flocculosa, although total protease activity was low. On the basis of extracellular GFP yield and/or retention in the cell, the P34 signal peptide was the most efficient signal peptide for the secretion of GFP in P. flocculosa and P. antarctica. Thus a strategy based on identifying secretion signal sequences from highly secreted proteins may help in the isolation of more appropriate sequences in other eukaryotic expression systems. Compared with other secretion signal sequences, our study indicates the functionality of four other secretion signal sequences (Pseudozyma sp. aspartic acid protease, P. tsukubaensis -glucosidase, P. antarctica lipase B signal peptides, and the S. cerevisiae -factor preprosequence) for the secretion of recombinant GFP in Pseudozyma spp. These secretion signals have now opened the way to testing of the secretion of other recombinant proteins in Pseudozyma expression systems. Finally, since GFP retains its fluorescence during secretion, this system can also be used to study the secretion pathway in Pseudozyma spp. or to improve the feeding strategy during cell culture.
